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Enhancement of osteoprogenitor cell response on titanium by helium 
atmospheric pressure glow discharge treatment 
 
Barbora Vagaska 
 
Department of Medical Science 
The Graduate School,Yonsei University 
 
(Directed by Professor Jong-Chul Park) 
 
 
 
  Titanium and its alloys are widely used in dental or orthopedic implants, 
thanks to their excellent mechanical properties and high biocompatibility. 
The current approach in biomaterial design is to induce in situ regeneration 
of bone tissue and thus improve integration of the implants and reduce their 
failure. This study examines helium atmospheric pressure glow discharge    
(He-APGD) treatment as a method of surface modification for improving 
osteoinductive properties of titanium. He-APGD treatment effectively modified 
the titanium surfaces, by rapidly cleansing the surface contaminants and 
creating highly hydrophilic surface. The effect of plasma treatment of titanium 
on the initial phase of cell response to biomaterial was examined. 
A significantly higher fibronectin adsorption, followed by enhanced adhesion, 
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spreading and proliferation of osteoblast progenitor cells (MC3T3-E1, mouse 
pre-osteoblasts and primary cultures of human mesenchymal stem cells and 
dental pulp stem cells) was observed on plasma treated titanium in comparison 
with the non-treated control. Moreover, this positive effect seemed to increase 
gradually with the increasing plasma treatment time. These in vitro results 
demonstrate that He-APGD treatment is an effective and promising method 
of surface modification for improving titanium bioactivity.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
----------------------------------------------------------------------------------------------------- 
Key words: titanium, atmospheric pressure glow discharge, osteoblast, 
mesenchymal stem cells, dental pulp cells, cell-biomaterial interaction  
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I. INTRODUCTION 
 
1. Titanium biomaterials  
 
  Biomaterials used in bone implants need to have sufficient mechanical strength 
and firm structure because they need to be able to bear the weight load. Titanium 
and its alloys have been widely used in dental or orthopedic implants, especially 
thanks to their resistance to corrosion and inertness in biological fluids, which 
renders them high biocompatibility. They also have superior mechanical properties, 
such as high specific strength to sustain cyclic loading, high wear resistance to 
minimize debris formation and low elastic modulus, which decreases the risk of 
bone resorption around the implant1, 2. However, their inertness is also the major 
drawback. At one hand it helps to avoid adverse tissue reactions upon implantation; 
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on the other hand it is the main reason of encapsulation of the implant into a fibrous 
tissue and leads ultimately to its failure.  
  Therefore, modern advanced materials should not only be biocompatible, but they 
are specifically designed to be “bioactive”3. This means they should elicit specific 
desired cellular responses, such as cell adhesion, proliferation and differentiation 
into a specific cell type, i.e. bone cells (osteoinduction) that will form a new bone 
and thus integrate the implant strongly into the surrounding natural tissue 
(osteoconduction) 4.  
It is well-established that these processes depend mainly on surface properties 
of the materials that are usually very different from their bulk properties5. Therefore 
the research has focused on various surface modifications that could control and 
enhance the response of osteoblastic cells.  
 
2. Surface modifications of titanium  
 
  The modification methods can be divided into three major groups: mechanical, 
involving physical treatment, shaping or removal of the materials surface 
(e.g. blasting, machining); chemical, involving chemical reaction at the interface 
between titanium and a solution (e.g. acidic/alkaline treatment, anodic oxidation); 
and physical methods, where surface modification can be attributed to electrical, 
thermal or kinetic energy (e.g. plasma spraying, sputtering, ion implantation)6. 
Surface treatments induce two basic changes on the titanium surface: changes 
in surface morphology and changes in surface chemistry. Even though these 
methods were successful in enhancing the osteoblast responses and osseointegration 
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to a certain level, they also have some major drawbacks7, 8.  Despite of a certain 
recent stagnation in this area of research, two new and promising methods have 
been introduced. They both aim on creating and preserving highly hydrophilic 
surfaces.  
  First, is a method of preserving fresh and active surface created by combination 
of sand blasting and acid-etching (SLA) in oxygen free environment by immersion 
in isotonic sodium chloride solution. The titanium surface is protected 
from contaminants from atmosphere and preserves high surface energy, which was 
shown to have a positive effect on cell activity and differentiation, as well as 
on bone anchorage of implants9-11.  The second method is using ultraviolet (UV) 
irradiation to create a superhydrophilic surface, which enhanced osteoblastic cell 
attachment, proliferation, and differentiation12, 13.  This relatively simple and 
effective surface modification has a major disadvantage in requirement of a long 
treatment time (24 hr) which makes it very impractical and problematic 
to implement into praxis.   
 
3. Gaseous plasma discharge (glow discharge)  
 
  Recently there has been also a great interest in surface modifications 
of biomaterials by plasma treatment. Glow discharge plasma is a low-temperature, 
low pressure gas in which ionization is controlled by energetic electrons. During 
the treatment, the surfaces exposed to the plasma are bombarded by electrons, ions, 
photons and other charged particles. Glow discharge plasma treatments have been 
widely used especially for cleansing and surface processing in microelectronics 
industry14. In the biomaterials field it was used as a sterilization or cleansing method. 
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It is also very well established in modification of polymer surfaces, for increasing 
their surface energy, producing thin polymer coatings, inducing polymerization and 
grafting of chemical groups15, 16.  
  Most of the applications in biomaterial surface modifications have used plasma 
equipments that are operated at vacuum pressure, requiring complicated and 
expensive vacuum systems for operation. The operation pressure of glow discharge 
has an effect on the discharge stability, population, and kinetic energy of the excited 
species17, 18. At high operation pressure, such as atmospheric pressure, the discharge 
molecules have a decreased mean free path, and because of higher rate of collisions 
their kinetic energy decreases. These limitations can be overcome through the use 
of high voltage power supply, reduced electrode distance, and use of appropriate 
plasma processing gases. Under these conditions, the discharge is able to sustain 
a large population of excited species. Higher population of high energy particles 
makes the treatment with plasma more effective and requires less time.  Moreover, 
thanks to its relatively easier and cheaper operation in comparison with the vacuum 
systems it becomes a promising method also for biomaterial surface modifications.   
 
 
4. Plasma treatment of titanium  
 
  Event though enhancement of cellular responses on plasma treated polymers has 
been well documented; there are relatively very few studies that examine the effect 
of plasma treatment on metallic biomaterials such as titanium. A few studies have 
reported that plasma treatment had a cleansing effect19, enhanced surface energy 
and protein adsorption20, or even adhesion of osteoblast-like cells21. However, 
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the used plasma treatment systems differ from each other and operate under vacuum 
conditions.  
  The main problem of applying atmospheric pressure glow discharge to metals is 
formation of arcs in the discharge spaces.  Arc development on electro-conductive 
materials in a high electric field can be successfully prevented by using a duty 
controlled pulse electric waveform to cut off the electrical energy inducing time and 
using helium as a processing gas to obtain a lower processing voltage. Moreover, 
during atmospheric pressure glow discharge helium excites hydroxyl groups22, 
which may be then grafted onto the excited surface and additionally increase 
the surface hydrophilicity. 
 
5. Objectives of the study  
 
The aim of this study is to evaluate whether surface modification of titanium with 
helium atmospheric pressure glow discharge (He-APGD) can enhance its 
bioactivity in in vitro. Using the murine cell line of pre-osteoblasts (MC3T3-E1, 
clone 4), as well as primary cultures of human mesenchymal stem cells (MSC) and 
human dental pulp cells (DPC), the ability of the plasma treatment to stimulate 
initial cell adhesion, proliferation and osteogenic differentiation was examined. 
Physicochemical characterization and protein adsorption to the samples was 
examined to explore the effects of the plasma treatment on the titanium surface 
as well as the underlying mechanism on cell response.  
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II. Materials and Methods  
 
1. Titanium  
  Titanium samples were prepared from grade II titanium sheets (CP-2, thickness 
0.3 mm) in a shape of disks (diameter 13 or 20 mm). Before the plasma treatment 
they were ultra-sonically cleansed consecutively in acetone, ethanol and de-ionized 
water for 8 min and then blow-dried with clean air. 
 
2. Plasma treatment  
  He-APGD treatment unit was assembled as shown in Figure 1. Head unit was 
made of two alumina plates (thickness 1 mm) as dielectric barriers. Distance 
between the plates was 1 mm and the sample was placed between them. 
After sealing the dielectric barriers, working gas (helium) was introduced 
into the narrow space between them at a rate of  200 ml/min. Aluminum electrodes 
were installed on the outer side of the alumina plates and a high voltage pulse 
bipolar power supply (HPI500, FT-Lab Co., Korea) was employed as energy source 
to fire plasma. The applied voltage, frequency and duty were 2.0 kV, 20 kHz and 
20%, respectively. Treatment time was set to 3 s, 4 min and 8 min and non-treated 
disks (0 s) were used as control.   
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Figure 1. Diagram of He-APGD system. a) aluminum electrode, b) dielectric barrier, 
c) sample - Ti disk and d) bipolar type high voltage power supply.  
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3. Physico-chemical characterization of samples  
A. X-ray photoelectron spectroscopy 
    Changes in surface chemistry of titanium by He-APGD treatment were surveyed 
with X-ray photoelectron spectroscopy (XPS, ESCA Lab 220i-XL, VG Sci. Inst., 
USA). In order to observe the surface chemistry, ion-beam etching process was not 
performed. 
B. Water contact angle measurements 
  Changes in surface wettability were evaluated by measuring water contact angle 
using sessile drop method.  De-ionized water (8 µl) was dropped from the tip 
of needle which was placed 8 mm high from specimen top surface.  The pictures 
were taken by Nikon D80 camera equipped with 65 mm ED lens and 5 times 
magnification filter (Nikon, Japan). Water contact angle was measured from these 
pictures by Image J software (NIH, USA). 
  Wettability restoration was observed by water contact angle measurements 
on determined dates, over a period of 4 weeks. After the He-APGD treatment 
the disks were stored in dark at 4°C.  
    C.   Scanning electron microscopy and atomic force microscopy  
  Surface morphologies of titanium before and after the He-APGD treatment were 
observed with scanning electron microscopy (Fe-SEM, S-4200, Hitachi, Japan).  
  Surface roughness and 3D topography was examined by atomic force microscopy 
(AFM, Autoprobe CP, Park Scientific Instruments, PSI). The AFM images and 
roughness parameters were obtained from scans of area 0.5 µm × 0.5 µm in contact 
mode at scanning rate 1 Hz, using Si tips with a tip radius of ~ 10 nm.   
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4. Protein adsorption  
  Fetal bovine serum (FBS, WelGENE Inc, Korea), bovine serum albumin (BSA, 
1 mg/ml in PBS, Invitrogen, USA) and bovine plasma fibronectin (FN, 100 µg/ml 
in PBS, Sigma) were used as model proteins to study protein adsorption 
to the titanium surfaces. 
A. Micro bicinchoninic acid assay 
  Protein solution was pipetted on the top of the samples in 24-well plate 
to completely cover the surface (200 µl/well) and then incubated for 1 hr at 37°C 
in 5% CO2 atmosphere incubator. In order to remove the non-adherent protein 
the samples were rinsed twice with phosphate buffered saline (PBS, WelGENE). 
Then the samples were moved to a new well plate and incubated with 200 µl/well 
of 2% (w/v) sodium dodecylsulphate (SDS, Sigma) for 48 hr at room temperature 
with shaking. The amount of eluted proteins in the SDS solution was determined 
by micro bicinchoninic acid assay (BCA, Thermo Scientific, Pierce Biotechnology, 
IL, USA) according to the modified protocol for 96-well plate as provided 
by the manufacturer.  
     B.  Fibronectin adsorption - ELISA  
  Adsorption of fibronectin was evaluated also by a modified ELISA method.       
He-APGD treated and control disks were placed in 24-well plate, loaded 
with 200 µl of either FN solution (25 µg/ml in PBS) or FBS and incubated for 1 hr 
at 37°C in 5% CO2 atmosphere incubator. After washing the samples with PBS two 
times, they were blocked with 5% (w/v) BSA solution for 30 min at 37°C and then 
incubated with monoclonal anti-fibronectin antibody overnight at 4°C (dilution 
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1:1000, Takara Bio Inc., Shiga, Japan).  After washing three times with PBS 
the samples were immersed for 1 hr in secondary antibody solution (goat anti-
mouse IgG conjugated with alkaline phosphatase, dilution 1:2000, Sigma). 
Colorimetric detection was performed by incubation of the samples 
with phosphatase substrate, p-nitrophenyl phosphate (pNPP, Sigma), which is 
converted to a yellow, soluble end product. The disks were topped with 10 mM 
pNPP solution in glycine buffer (0.1 M glycine with 1 mM MgCl2 and 1 mM ZnCl2, 
pH 10.4) and incubated at 37°C for 30 min. Finally, absorbance of the product 
at 405 nm was measured spectrophotometrically. 
 
5. Cell culture 
  MC3T3-E1 mouse pre-osteoblast cells (Riken, Japan) were maintained 
in minimum essential medium α - modification without ascorbic acid supplemented 
with 10% fetal bovine serum and 1% antibiotic antimycotic solution (α-MEM, all 
from WelGENE).  
  Primary culture of human mesenchymal stem cells was maintained 
in mesenchymal stem cell Basal Media (MSC Basal Media) supplemented 
with mesenchymal stem cell growth medium (MSCGM) Single Quots (Lonza, 
USA).  
  Dental pulp cells were a kind gift from Dr. Yu-Shik Hwang from Kyung Hee 
University, Seoul, Korea. The DPC cells are primary culture of stem cells which 
share many common features with bone marrow stem cells were isolated 
from the pulp of human third molars after receiving the informed consent 
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from patients. The cells were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM) supplemented with 10% FBS and 1% of penicillin streptomycin solution 
(WelGENE).  
  Primary cultures were used up to 10th passage and MC3T3-E1 cells up to 15th 
passage for all experiments. Cells were grown at 37°C in 5 % CO2 atmosphere 
incubator. 
  Before the cell seeding titanium disks were always sterilized by 30 min incubation 
in 70 % (v/v) ethanol and then washed twice in distilled water. 
 
6. Cell adhesion - MTT assay  
  Cell attachment was determined at 2-6 hr after seeding according to the cell type 
using MTT assay. Briefly, cells were seeded at the initial density 
of 3.0 × 104 cells/cm2 and incubated for 2-6 hr in a CO2 atmosphere incubator. Then, 
the unattached cells were removed by gentle washing with PBS, the samples were 
carefully moved to a new well plate and incubated with 3-(4,5-dimethylthiazol-2-
yl)-diphenyltetrazolium bromide (MTT, final concentration 0.5 mg/ml, Amresco, 
Solon, OH, USA) for 2 hr. The formed formazan salts were dissolved in dimethyl 
sulfoxide (DMSO) and the optical density measured at wavelength of 570 nm 
by spectrophotometer.  
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7. Cell morphology  
A. Cell attachment area  
  For cell morphometric analysis cells were seeded at the initial seeding density 
of 5.0 × 103 cells/cm2 and after 2-6 hr of incubation they were fixed with ice cold 
70 % ethanol for 15 min. Cell plasma membrane was visualized by staining 
with Texas Red C2-maleimide (Texas Red, 30 ng/ml in PBS, Invitrogen, Carlsbad, 
CA, USA) as described before23. Cell nuclei were counterstained with Hoechst 
33258 (1 µg/ml in PBS, Sigma). Ten random pictures were taken by IX-70 
microscope, equipped with a DP-71 digital camera (Olympus, Japan). Cell 
attachment area, perimeter and Feret’s diameter of 30 cells for each group were 
measured by Image J software (NIH, USA). 
B. Actin cytoskeleton organization and focal adhesion formation  
  For immunostaining of cytoskeleton and focal adhesions the cells were seeded 
at the initial seeding density of 5.0 × 103 cells/cm2 and after 2-6 hr of incubation 
they were fixed with 3.7 % (v/v) neutral buffered formalin. The cells were then 
permeabilized with 0.25 % (v/v) Triton X-100 solution and incubated 
with 1% (w/v) BSA solution to block unspecific antibody binding. To visualize 
the focal adhesions the cells were then incubated overnight at 4°C with monoclonal 
anti-vinculin (dilution 1:60, Santa Cruz Biotechnology, Santa Cruz, CA, USA). 
After rinsing with PBS, the samples were incubated for 1 hr at room temperature 
in a solution of secondary antibody, goat anti-mouse IgG conjugated with Texas 
Red (dilution 1:100, Santa Cruz) mixed with Alexa (488)-conjugated phalloidin 
(5 U/ml, Invitrogen) to visualize actin cytoskeleton. After washing with PBS 
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the nucleus was counterstained with Hoechst 33528 as mentioned above and 
the samples were mounted in aqueous mounting medium (Dako Faramounts, Dako 
North America Inc., CA, USA) and evaluated under a fluorescence microscope.   
C. Western blot analysis of vinculin 
For western blot analysis of vinculin expression, mesenchymal stem cells were 
seeded at disks of diameter 20 mm in 12-well plate at initial density 
of 1.5 × 105 cells/well and incubated for 12 hr in a CO2 incubator. At the given 
times the disks were rinsed twice with ice cold PBS and the cells were lysed 
with ice cold RIPA buffer. The cell lysate was collected and centrifuged 
at 14 000 × g for 15 min at 4°C. Protein concentration in the solution was 
determined by DC Bio-Rad assay according to the manufacturer’s protocol (BioRad 
Laboratories Inc., Hercules, CA, USA). The samples were mixed with SDS-PAGE 
loading buffer supplemented with 5 % β-mercaptoethanol (total protein amount 
8 µg), denatured by heat (95°C, 5 min) and then loaded to 11 % polyacrylamide gels. 
The proteins were separated by electrophoresis and then transferred to PVDF 
membranes. After blocking the membranes in 5 % skim milk (Difco Laboratories, 
BD, France) they were incubated for 1 hr with mouse monoclonal anti-vinculin 
(dilution 1:5000) or mouse monoclonal GAPDH antibody (dilution 1:8000, 
Chemicon International, Temecula, CA, USA) for control of protein loading and 
standardization of results. Finally, the membranes were incubated with secondary 
antibody (goat anti-mouse IgG conjugated with horse radish peroxidase, dilution 
1:2000, Santa Cruz). Chemiluminescent detection of membranes was performed 
using the West-Q Chemiluminescent Substrate kit (GenDEPOT, Barker, TX, USA) 
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and high-performance chemiluminescence film (Amersham Hyperfilm ECL, GE 
Healthcare Limited, UK). Densitometry of bands was performed using the Image J 
software. 
 
8. Serum free culture 
  Cell adhesion to disks in serum free media was determined to confirm the effect 
of the proteins adsorbed to titanium. The disks were coated with fibronectin 
(20 µg/ml in PBS) 1 hr at 37°C and then washed 2 times in PBS. To prevent 
unspecific binding, the disks were then blocked with 5% (w/v) BSA (in PBS, 
30 min at 37°C) and washed again. Disks coated with 5% BSA (in PBS, 1 hr 
at 37°C) were used as negative controls. Cell adhesion to non-coated disks was also 
observed.  
The MSC cells were pretreated with cyclohexamidine 4 hr before cell seeding 
(20 µg/ml in serum free media, Sigma) and the attachment time was shortened 
to one hour in order to prevent the effect of matrix proteins secreted by the cells, 
which would comprise the analysis of cell adhesion to the pre-coated proteins24. 
After detaching the cells by trypsinization and centrifugation, they were 
resuspended in serum free media and seeded to the prepared disks at density 
of 2.5 × 104 /cm2. After the incubation, cell adhesion was determined by MTT assay 
as described before.  
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9. Cell proliferation assay 
For proliferation assay the cells were plated at an initial density 
of 1.0 × 104 cells/cm2 and incubated for 1, 3, or 5 days in a CO2 incubator. 
At the given times cell number was determined by MTT assay as described before.   
 
10. Osteoblastic differentiation – ALP activity  
Osteoblastic differentiation in DPC cells was induced by supplementing the cell 
culture media with sodium ascorbate (50 µg/ml), a source of inorganic phosphate, 
β-glycerol phosphate (10 mM), and dexamethasome (10-8 M) one day 
after the seeding.   
To determine alkaline phosphatase activity, the cells were seeded at the initial 
density 7.0 × 103 cells/cm2. Osteogenic media was supplemented 24 hr after seeding 
and exchanged every 3 days. At given times of culture (5-12 days after seeding) 
the cells were rinsed with PBS and lysed with 1% Triton X-100 in Tris/NaHCO3 
buffer (12.5 mmol/l each, pH 6.8). ALP activity in the cell lysate was determined 
by a colorimetric assay using phosphatase substrate (pNPP, Sigma). Cell lysates 
were mixed with 10 mM pNPP solution in glycine buffer as described before and 
incubated at 37°C. After 30 min the optical density at 405 nm was read 
spectrophotometrically. At the same time protein concentration in the cell lysates 
was determined by bicinchoninic acid assay (BCA, Pierce) according to the protocol 
for 96-well plate as provided by the manufacturer.  
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11. Statistical analysis 
  All results are expressed as mean ± standard error of mean (SEM) and analyzed 
by Student t-test. Statistical significance was considered at p<0.05.  
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III. RESULTS 
 
1. Surface characteristics of titanium samples  
 
A. Surface chemistry 
  Two major changes in surface characteristics after He-APGD treatment could be 
observed with X-ray photoelectron spectroscopy which are summarized 
in Figure 2D.  
  The first is a decrease in relative atomic concentration of carbon (Figure 2A). 
Narrow-scan spectra of C 1s around 285 ~ 289 eV show a rapid drop of peaks 
corresponding to C-C, C-O and C=O already after 3 s of plasma treatment and then 
continual, although small decrease with the increasing treatment time.  
  The second narrow-scan spectra of O 1s (Figure 2B) shows relative dropping 
of oxygen neighbor shoulder broadly around 532.3 eV in 3 s He-APGD treated 
surface, which then recovers around 531.9 eV in titanium treated for 1 min or longer.  
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Figure 2.  XPS analysis of He-APGD treated titanium. XPS narrow-scan spectra 
of (A) C 1s and (B) O 1s.  
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Figure 2.  XPS analysis of He-APGD treated titanium. (C) XPS narrow-scan spectra 
of Ti 2p. (D) Surface composition of He-APGD-treated titanium.  
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B. Wettability  
   
  He-APGD treatment of titanium rendered the surface high hydrophilicity 
(Figure 3A). The water contact angle fell from 57 degrees on the untreated sample 
to about 15 degrees already after 3 s of treatment. The spreading of the water drop 
increased with the increasing plasma treatment time. After 8 min treatment 
the surface became superhydrophilic and it was not possible to measure the water 
contact angle as the drop spread completely over the sample.  
  Recovery of these hydrophilic characteristics was observed by water contact over 
4 weeks (Figure 3B). In both 3 s and 8 min treated samples the wettability restored 
only up to 30 degrees in one month.  
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Figure 3. Changes in hydrophilicity of titanium after He-APGD treatment. 
(A) Photographs of distilled water drop on the non-treated and He-APGD treated 
titanium surfaces.  (B) Restoration of hydrophobic characteristics of the titanium 
surfaces over time.  
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C. Surface morphology  
 
  SEM micrographs (Figure 4) show relatively rough surface of titanium created 
by the manufacturing process, however there are no visible changes after the plasma 
treatment.  
  AFM analysis showed slight changes in roughness and surface topology 
of titanium samples after the He-APGD treatment on nano-scale level. Root mean 
square roughness (Rrms) showed more than 5-fold increase from 3.06 nm 
of the non-treated titanium to 16.29 nm in 3 s treated sample (Table 1). 
With the increasing treatment time the titanium roughness slightly decreased.  
Similar pattern was observed also in average roughness (Ra).   
  Three dimensional topology of titanium surface (Figure 5) changed from relatively 
smooth with homogeneously sputtered irregular particles before the plasma 
treatment (A) to a structured with significant surface corrugations after 3 s 
modification (B). However, with the increasing plasma treatment time, the size and 
sharpness of the corrugations and ridges seemed to decrease and the surface became 
smoother (C and D).  
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Figure 4. SEM images of titanium disk surface before (A, B) and after 4 min of He-
APGD treatment (C, D). Scale bar=30 µm in A, C or 600 nm in B, D.  
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Treatment time 0 s 3 s 4 min 8 min 
Ra [nm] 1.88 12.76 10.54 8.39 
Rrms [nm] 3.06 16.29 13.37 10.84 
 
 
Table 1. Surface roughness of titanium samples before and after He-APGD 
treatment. Rrms and Ra were determined by AFM analysis, scanning range was 
0.5 µm × 0.5 µm. 
 
 
A                                                          B                            
         
C                                                            D 
            
 
Figure 5. AFM images of titanium disk surface before (A) and after 3 s, 4 min, 
8 min of He-APGD treatment (B, C, and D respectively). Scanning range was 
1 µm × 1 µm, z-axis 100 nm.  
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2. Protein adsorption  
Three different model protein solutions were used to observe protein adsorption 
after 1 hr incubation with the titanium disks. The micro BCA assay showed no 
significant difference (p<0.05) between the non-treated and He-APGD treated 
titanium disks in case of fetal bovine serum and bovine serum albumin. However, 
the plasma treated samples showed higher adsorption of fibronectin than control 
(Figure 6). The amount of adsorbed fibronectin increased gradually 
with the treatment time, up to a significant (p<0.05) 2-fold increase at 8 min. 
Relative increase about 10 - 16 % in fibronectin adsorption on the plasma treated 
samples was confirmed also by anti-fibronectin antibody detection by a modified 
ELISA method (Figure 7).  
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Figure 6. Fibronectin (FN), bovine serum albumin (BSA) and fetal bovine serum 
(FBS) adsorption to He-APGD treated titanium disks after 1hr incubation at 37°C 
as determined by microBCA assay. The results are shown as a mean ± standard 
error of mean (SEM) (n=4). The data were analyzed by Student t-test (* p<0.05 
in comparison with the control, 0 s).  
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Figure 7. Fibronectin (FN) adsorption to He-APGD treated titanium disks after 1hr 
incubation at 37°C as determined by ELISA method. The results are shown 
as mean ± standard error of mean (SEM) (n=4). The data were analyzed by Student    
t-test (* p<0.05 in comparison with the control, 0 s).  
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3. Cell initial adhesion  
  Figure 8 shows the effect of He-APGD treatment on the number of attaching cells 
to the titanium disks shortly after seeding (2 hr in MC3T3-E1 and MSC or 6 hr 
in DPC) as determined by MTT assay. Mouse pre-osteoblasts, MC3T3-E1 cells, 
2 hours after seeding seemed to adhere better to samples that were treated with    
He-APGD. The number of attached cells increased from 20 to 35%, this difference 
was however, significant only at 4 min treated samples (p<0.05). Slightly higher 
enhancement of attachment (from 25 to 37%) was observed also in primary culture 
of dental pulp cells 6 hrs after seeding (DPC cells require longer time 
for attachment). Most significant (p<0.01) improvement of cell adhesion provided 
the plasma treatment in case of human mesenchymal stem cells, where a two-fold 
increase in cell attachment was observed on all He-APGD treated samples. In all 
cell types plasma treatment enhanced initial cell adhesion, but there seemed to be no 
dependence of the number of attached on the treatment time.  
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Figure 8. Effect of He-APGD treatment on the initial adhesion of cells.  The number 
of attached cells is expressed as % of attachment on the non-treated disks (0s) 
as evaluated by MTT assay. The results are shown as mean ± standard error of mean 
(n=4). The data were analyzed by Student t-test (* p<0.05, ** p<0.01 in comparison 
with the control, 0 s).  
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4. Cell morphology 
 
 
A. Cell adhesion area 
 
  Fluorescence pictures of cells on the titanium disks after visualizing the plasma 
membrane by Texas Red maleimide staining have shown that already 2 hr 
after seeding (or 6 hr for DPC), not only the number of attached cell is higher 
on plasma treated samples, but they were also clearly larger. Cells adhering to non-
treated disks were smaller and round-shaped, while cells on He-APGD treated disks 
had larger attachment area, well-spread elongated morphology with formed 
lamellipodia-like projections (Figure 9, 10 and 11). Their size also seemed 
to increase proportionally with the increasing plasma treatment time, especially 
in primary cultures of DPC and MSC.  
  These observations were also confirmed by morphometric measurements 
in Image J software. Cells growing on plasma treated samples had significantly 
(p<0.05) higher Feret’s diameter (the longest axis of cell), perimeter and attachment 
area (Figure 12). Moreover, in all cell types these three parameters increased 
proportionally with the increasing plasma treatment time.  
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Figure 9. Morphology of MC3T3-E1 cells on He-APGD treated titanium.  
Initial spreading of mouse pre-osteoblasts on non-treated (A) and 3 s, 4 min and 
8 min (B, C and D respectively) plasma treated titanium, 2 hr after seeding. Plasma 
membrane was stained with Texas Red maleimide C2 (red) and nucleus 
with Hoechst 33258 (blue). Fluorescence microscopic images were taken 
with Olympus inverted microscope (IX-70, obj. 20 ×) equipped with DP71 camera. 
Scale bar=200 µm.                                                                    
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Figure 10. Morphology of dental pulp cells on He-APGD treated titanium.  
Initial spreading of DPCs on non-treated (A) and 3 s, 4 min and 8 min (B, C and D 
respectively) plasma treated titanium, 6 hr after seeding. Plasma membrane was 
stained with Texas Red maleimide C2 (red) and nucleus with Hoechst 33258 (blue). 
Fluorescence microscopic images were taken with Olympus inverted microscope 
(IX-70, obj. 20 ×) equipped with DP71 camera. Scale bar=200 µm.                                                                   
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Figure 10. Morphology of mesenchymal stem cells on He-APGD treated titanium.  
Initial spreading of MSCs on non-treated (A) and 3 s, 4 min and 8 min (B, C and D 
respectively) plasma treated titanium, 2 hr after seeding. Plasma membrane was 
stained with Texas Red maleimide C2 (red) and nucleus with Hoechst 33258 (blue). 
Fluorescence microscopic images were taken with Olympus inverted microscope 
(IX-70, obj. 20 ×) equipped with DP71 camera. Scale bar=125 µm.                                                                   
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Figure 11. Cell morphometric measurements. Attachment area, perimeter and 
Feret’s diameter of A) MC3T3-E1 B) MSC and C) DPC cells were measured from 
micrographs by Image J software. The results are shown as mean ± standard error 
of mean (n=30).  The data were analyzed by Student t-test (* p<0.05).  
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B. Focal adhesion formation and actin cytoskeleton organization  
  After 3 hr (MC3T3-E1 and MSC) or 6 hr (DPC) of incubation, actin cytoskeleton 
organization and focal adhesion formation was observed by Alexa 488 conjugated- 
phalloidin and anti-vinculin immunostaining respectively. As shown in Figure 13 
(A-C), for all cell types, the shape and size of cell body was clearly different  
on He-APGD treated samples. Cells attached to non-treated titanium surface were 
smaller, in DPC and MSC still round-shaped and their cytoskeleton was not yet 
well-developed. Actin was diffuse in cell cytoplasm and only short, thin fibers could 
be observed especially in the cell periphery. Similarly, vinculin staining showed that 
even though all cells expressed vinculin, it was diffused evenly in the cell cytoplasm, 
and only small, not very distinct focal adhesions could be found on the cell 
periphery.  In contrast, cell attached to the plasma treated samples were larger, had 
elongated shape and formed lamellipodia-like projections that were enforced 
with clear stress fibers. Vinculin-positive focal adhesions were observed especially 
at the ends of these actin filaments, in the elongated projections.  
  Enhanced vinculin expression on plasma treated titanium disks was also confirmed 
by western blot analysis (Figure 14).  
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Figure 13. Actin cytoskeleton arrangement and focal adhesion formation.   
Representative fluorescence microscopic images of (A) MC3T3-E1 and (B) MSC 
cells stained with Alexa 488-conjugated phalloidin against actin filaments (green) 
anti-vinculin (red) and  Hoechst 33258 for nucleus (blue). Scale bar=50 µm.                                          
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Figure 13. Actin cytoskeleton arrangement and focal adhesion formation.   
Representative fluorescence microscopic images of (C) DPC cells stained 
with Alexa 488-conjugated phalloidin against actin filaments (green), anti-vinculin 
(red) and Hoechst 33258 for nucleus (blue). Scale bar=50 µm.                                           
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Figure 14. Western blot analysis of vinculin expression in MSC cells on plasma 
treated Ti disks. (A) Representative western blot images for vinculin and GAPDH 
(control) from MSC lysates obtained 12 hr after seeding. (B) Relative vinculin 
expression as determined by densitometry by Image J software. Data are expressed 
as % of vinculin expression on the control (0s) sample.  
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5. Serum free culture  
  In order to examine the mechanism by which cells attach to plasma treated 
titanium, an attachment assay to fibronectin pre-coated or non-coated samples 
in serum free culture media was performed.  Attachment of MSC cells to He-APGD 
treated disks coated with fibronectin just one hour after seeding was significantly  
(p<0.05) higher than to non-treated disks coated with fibronectin under the same 
conditions (Figure 15A). There was a 2-fold increase in cell attachment to 4 and 
8 min treated samples. Coating of the disks with albumin prevented cell adhesion 
comparably on all samples, allowing only around 15 % adhesion of the control 
sample.  
  Interestingly, a similar pattern was observed in MSC cell adhesion to non-coated 
titanium disks, also in serum free conditions. The absolute number of attached cells, 
as well as the relative enhancement by He-APGD was almost the same 
as on fibronectin coated titanium disks (Figure 15B).  
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Figure 15. Adhesion of MSC cells to He-APGD treated titanium in serum-free 
culture. The cells adhesion within 1 hr to (A) fibronectin (20 µg/ml) and BSA (5%) 
pre-coated; or to (B) non-coated He-APGD treated titanium disks was determined 
by MTT assay. The number of attached cells is expressed as % of attachment 
on the non-treated disks (0s). The results are shown as mean ± SEM (n=3,* p<0.05 
in comparison with the control, 0 s by Student t-test).  
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6. Cell proliferation  
  As initial cell adhesion has a great effect on the following cell growth, cell 
proliferation on He-APGD treated titanium disks was observed up to day 5 
after seeding, when the cells reached confluency. In all three tested cell types, 
the plasma treatment of the sample stimulated their growth rates in a dose-
dependent manner (Figure 16). Cell density as determined by MTT assay was 
higher already 24 hr after seeding on all plasma treated disks. This enhancement 
was statistically significant (p<0.05) from 4 min of treatment. This trend persisted 
also during the following days of culture (day 3 and 5), and on day 5 the number 
of cells on 8 min treated samples was from 40 % (MC3T3-E1, DPC) to 120% 
(MSC) higher than on the non-treated control.  
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Figure 16.  Effect of He-APGD treatment on cell proliferation.  Proliferation 
in (A) MC3T3-E1, (B) MSC and (C) DPC was evaluated by MTT assay. Cell 
number is expressed as % of control (0s, day 1). The results are shown as 
mean ± SEM (n=3, * p<0.05 in comparison with 0 s by Student t-test)   
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7. Osteoblastic differentiation  - ALP activity 
Alkaline phosphatase activity was measured over 12 days of culture as an early 
marker of osteoblast differentiation in dental pulp cells stimulated by osteogenic 
media (Figure 17). Already from day 5 there was a significant (p<0.05) increase 
in ALP activity in cells that were treated with osteogenic media in comparison 
with the control sample grown in a regular culture media. In He-APGD treated 
samples the activity continued to rise steadily up to day 10 when it reached its peak. 
After that, it already showed a declining trend. The ALP activity of cells in positive 
control (cells on TCPS in osteogenic media) and on non-treated titanium samples 
continued to increase even after day 10 and did not reach their peak before the end 
of this assay (day 12). Therefore at day 12 their ALP value seemed higher than 
on the treated samples, even though this difference was statistically significant 
(p=0.013) only in comparison with the 8 min sample.  
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Figure 17. Alkaline phosphatase activity in dental pulp cells on He-APGD treated 
titanium. The data are shown as mean ± standard error of mean (n=3).  
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IV. DISCUSSION  
 
In order to evaluate the effect of helium atmospheric pressure glow discharge 
treatment on titanium surface both surface chemistry and morphology were 
examined.       
Changes in the surface chemistry of He-APGD were examined by XPS. 
The analysis has revealed two major changes in the surface properties 
corresponding to two consecutive events.  The first was elimination of carbohydrate 
contaminants as confirmed by a rapid decrease in relative atomic concentration 
of carbon already after 3 s of plasma treatment. Decrease in carbon peak was also 
accompanied by a drop in peaks of carbon-oxygen bondings present in hydrocarbon 
molecules (O-C, O=C) in narrow spectra of O 1s. Surfaces tend to bind molecules 
or atoms from surroundings which form a layer of contaminants. Typically these 
impurities are hydrocarbons which are present in the ambient air5, 25. This layer 
of hydrocarbon contamination passivates the surface, hinders further bond 
formation, resulting in a lower surface energy and water repelling, hydrophobic 
character26, which may have a great effect on biological responses. Hydrocarbon 
contaminant elimination was suggested to be also the main underlying reason 
in enhanced mesenchymal stem cell response and faster tissue integration of UV-
treated titanium27, 28.  
  The second process was grafting of hydroxyl groups, as shown by the recovery 
of the oxygen neighboring shoulder after 1 to 8 min of treatment. The increase 
in hydroxyl group shoulder was not accompanied with a concomitant recovery 
48 
 
in carbon-oxygen bonds, therefore it can be suggested that Ti-OH groups have been 
formed as a result of the treatment.  
  Elimination of surface hydrocarbon contaminants and engraftment of hydroxyl 
groups increase the hydrophilicity of metal surfaces.  Wettability measurements 
in He-APGD treatment of titanium have confirmed rapid fall in water contact angle 
already after 3 s treatment and after 8 min of modification the surface became 
superhydrophilic (WCA<5°). In general, the plasma-treated surfaces tend to lose 
modified hydrophilicity over time, which may be due to the release of excited 
energy obtained from plasma. Water contact restoration was observed over a period 
of one month and the results showed that even after this period the water contact 
angle has restored only up to 30°. In comparison with other superhydrophilic 
surfaces, such as UV-treated titanium, He-APGD treated surface exhibited 
significant resistance to recovery27.  
  Increased hydrophilicity and hindered recovery of hydrophobic characteristics 
of He-APGD treated titanium could be explained not only by hydrocarbon 
elimination but also by two other processes. First, five-fold titanium found 
on the surface of native titanium oxide supports water physisorption and 
dissociative hydroxyl group chemisorption.  Furthermore, it was reported that UV 
irradiation and electron irradiation, which are both present in glow discharge, create 
surface oxygen vacancies, converting Ti4+ state of the six-fold titanium atoms 
to Ti3+ state by breaking oxygen bonding. The increased driving force to stabilize 
Ti3+ sites makes the Ti3+ sites preferably bind oxygen derivatives such as atomic 
oxygen or dissociative hydroxyl group from water molecule29-32.   
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  Changes in the surface morphology of He-APGD treated titanium surface were 
examined by SEM and AFM analysis. SEM micrographs have shown that titanium 
disks have relatively rough surface which is the result of the machining process 
during titanium plate manufacturing process. Even though, SEM images did not 
show any visible changes in the gross surface morphology after the plasma 
treatment, AFM analysis revealed changes in surface roughness and topology 
on the nanoscale. On the smooth untreated surface numerous irregular particles 
were visible, which are believed to be impurities and contaminations. The dramatic 
change in surface topology after the 3 s He-APGD treatment could be therefore 
ascribed to the cleansing effect of plasma and supports the XPS results of reduced 
contamination. With the increasing treatment time the surface roughness decreased 
from 16.29 nm after 3 s to 10.84 nm after 8 min. This could be ascribed to oxidation 
process and deposition of new titanium oxide on the sample surface. These results 
are consistent with previous studies, which have reported gradual decrease 
in surface roughness of titanium25, 33 or steel34 after plasma treatment.  
  Surface morphology both on micro and nanoscale levels influences the following 
biological responses. While there is still much controversy about the effect 
of microroughness35, 36, a considerable attention has been paid in recent years 
to the nanoscale structure of the material surface. Nanotopography in titanium and 
other materials has been found to have significant positive effects on osteoblast cell 
response, including initial cell adhesion and subsequent proliferation, and 
expression of differentiation markers37-40.  Plasma treatment not only introduced 
nanoscale amorphous morphology but also, as suggested by Lin et al.33 
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the cleansing effect of plasma treatment provides a larger surface area for protein 
binding and cell attachment, and could therefore contribute significantly 
to the increase in bioactivity of plasma treated surfaces.  
  Interaction of cells with the titanium surface layer of its oxide is mediated 
by a layer of proteins that adsorbs to the implant surface from plasma or other 
physiological fluids. The composition of the adsorbed layer varies greatly according 
to surface properties of the substrate and may differ substantially. This layer 
mediates integrin-receptor based cell adhesion and proliferation and determines 
the cellular response to the biomaterial41, 42. 
  He-APGD treatment of titanium did not have a significant effect on the amount 
of adsorbed proteins from the fetal bovine serum or bovine serum albumin solution. 
However, a gradual increase in the amount of adsorbed fibronectin from a single 
protein solution with the increasing plasma treatment time was observed. These 
results are consistent with the observations of Pegueroles et al. who found that 
the amount of adsorbed FN correlates with wettability and surface energy rather 
than surface roughness43. Fibronectin is one of the earliest proteins laid down 
in extracellular matrix and is required for recruitment of growth factors and 
assembly of other ECM proteins44-46. It is a soluble protein and it is well-established 
that it has critical role in osteoblast adhesion to biomaterials, their survival and 
the following differentiation. Fibronectin adsorption in competition with other 
proteins, especially non-adhesive albumin, that has a 200-fold higher concentration 
in human plasma, is a crucial step for cell adhesion ability47. Therefore it could be 
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suggested that the selective enhancement of fibronectin adsorption to plasma treated 
titanium is the major underlying mechanism of increased cellular response.  
  To confirm this hypothesis MSC attachment to FN pre-coated samples in serum 
free media was performed. The attachment time was reduced to one hour, because 
within this short period the amount of ECM proteins secreted by cells themselves is 
negligible and the cell adhesion depends merely on the pre-adsorbed proteins24. 
The increase in number of attached cells was consistent with the increasing amount 
of adsorbed FN and moreover the enhancement of cell attachment on He-APGD 
treated titanium was more significant than in normal cell culture media. More 
interestingly, increased MSC attachment on plasma treated titanium was observed 
also on non-coated disks in serum free conditions. Furthermore, the absolute 
number of attached cells on non-coated disks was comparable with FN-coated disks. 
Similar pattern was observed also in case of photofunctionalized titanium by UV, 
and the authors suggested a direct interaction of cells with the sample via 
an electrostatic mechanism13. According to their hypothesis, UV-treated TiO2 
surfaces are electropositively charged because of exited electrons from valence 
bands to conduction bands, allowing direct attachment of negatively charged cells; 
as opposed to untreated titanium surfaces that are bioinert and require inorganic and 
biological bridges (divalent cations and proteins) for cell attachment and adhesion.  
However, it needs to be noted that this hypothesis of direct cell/titanium interaction 
is difficult to test, as it is has been previously shown that cell adhesion to substrates 
in serum-free conditions can occur through secreted FN molecules found on the cell 
surface48.    
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  Even though the exact mechanism by which He-APGD enhances cell response is 
unknown this study shows that the treatment enhances titanium bioactivity. Cell 
initial attachment, adhesion and spreading belong to the first phase of cell/artificial 
material interaction, which is crucial not only for cell survival, but also 
for the following cell growth, proliferation and differentiation. The results have 
shown that plasma treatment enhanced cell initial attachment in all three types 
of progenitor cells. Moreover, cell spreading, as shown by morphometric 
measurements, increased gradually with the increasing plasma treatment time. 
Spreading of cell is an active process depending on cell adhesion molecules, namely 
integrin adhesion receptors, which act as the central regulators of cell-biomaterial 
interaction49. After binding their ligands (adhesive peptides with RGD motif such 
as FN), integrin subunits cluster into supramolecular complexes, focal adhesions. 
Other proteins such as cytoskeletal and signaling molecules are recruited. Thus 
activation of integrins affects signal cascades similar to those triggered by growth 
factor receptors50, 51. Focal adhesions function also as transmembrane structural 
links between the extracellular matrix and cytoskeleton inside the cell and affect its 
organization. They provide anchorage signal and all these structures directly support 
migration, cell cycle progression and expression of differentiation-related genes52. 
Actin cytoskeleton and focal adhesion protein vinculin have shown significant 
differences between cells grown on the non-treated and plasma treated samples.  
Especially in MSC and DPC cells on He-APGD treated disks the actin stress fibers 
emerged earlier, were thicker, longer, and reinforcing the lamellipodia-like 
projections of cell membrane. These fibers were ended with well defined, vinculin-
53 
 
positive focal adhesions. In contrast cells on non-treated samples had visibly 
inferior level of cytoskeleton and focal adhesion organization, actin and vinculin 
were both found in a rather undefined diffuse form in cell cytoplasm. Enhanced 
vinculin expression in MSC cells on He-APGD treated disks 12 hr after cell seeding 
was confirmed also by western blot analysis. Similar observations were reported 
also on UV-functionalized13, 27 or vacuum glow discharge treated titanium21.  
  This slower rate of spreading could affect the subsequent proliferative activity53, 54. 
Cells with lower adhesion area and round shape were found to have also lower rates 
of proliferation. It has even been suggested that a prolonged period in a round cell 
shape triggers a pattern of gene activation that is comparable with that expressed 
during cell growth arrest55. Similar trend was also observed on the He-APGD 
treated titanium. Cells growing on plasma treated disks that had larger attachment 
area also showed significantly higher proliferation rates.   
As it was mentioned above, cell initial attachment and spreading can influence also 
signaling cascades regulating differentiation of osteoblasts. In this respect 
alphaV integrins may play an important role in signaling and osteoblast 
differentiation by interacting with growth factor receptors50. After the initial 
attachment osteoblast progenitor cells go through successive developmental stages, 
starting with proliferation, followed by bone matrix formation/maturation phase, 
characterized by alkaline phosphatase upregulation and ECM protein expression, 
and finished by mineralization stage, during which the bone matrix is mineralized 
by calcium phosphate deposits56. Dental pulp cells are adult stem cells capable 
of differentiation into osteoblasts upon stimulation with osteogenic media.           
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He-APGD treatment showed no significant effect on ALP expression in these cells.  
This is in contrast with the results from the UV-activated titanium, which has been 
shown to stimulate osteogenic differentiation in mesenchymal stem cells27. 
However, as it was mentioned, alkaline phosphatase is only an early marker 
of osteogenic differentiation and therefore further experiments examining late 
markers, such as expression of ECM proteins and matrix mineralization need to be 
performed to describe the effect of He-APGD treatment on differentiation 
of osteoprogenitor cells.  
 
 
 
 
 
  
 
 
 
 
 
 
 
 
55 
 
V. CONCLUSION 
  In conclusion, this study examined the possibility of using a novel kind of titanium 
surface treatment with helium atmospheric pressure glow discharge to increase its 
bioactivity and thus improve the osseointegration of implants made from this 
material. It was demonstrated that He-APGD can be used for effective surface 
modification of titanium. The treatment created a superhydrophilic surface within 
a short treatment time and with a relatively strong resistance to recovery. 
The modification enhanced significantly initial cellular response, such as cell 
attachment, spreading and proliferation in three different types of osteoblast 
progenitor cells. Although the exact mechanism of this effect remains unknown, 
based on the obtained data it was suggested that hydrocarbon contaminant removal, 
hydroxyl group grafting and partially also changes in surface roughness created 
superior surface for increased adsorption of fibronectin, a protein of critical 
importance for cell/biomaterial interaction. The improved cell response seems to be 
therefore a result of fibronectin-integrin mechanism.   
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